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Abstract: Although magnesium is involved in a wide spectrum of vital functions in normal 
human physiology, the significance of hypomagnesemia and necessity for its treatment are 
under-recognized and underappreciated in clinical practice. In the current review, we first 
present an overview of the clinical significance of hypomagnesemia and normal magnesium 
metabolism, with a focus on renal magnesium handling. Subsequently, we review the literature 
for both congenital and acquired hypomagnesemic conditions that affect the various steps in 
normal magnesium metabolism. Finally, we present an approach to the routine evaluation and 
suggested management of hypomagnesemia. 
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Introduction 

Despite being the second most abundant intracellular and fourth most abundant 
extracellular cation in the body, hypomagnesemia has received relatively poor 
attention in the medical literature compared with hyponatremia, hypokalemia, 
and hypocalcemia. As of November 14, 2013, there were 2,100 versus 10,298, 
1,107, and 12,345 citations related to the respective electrolyte disorders, recorded 
on PubMed (Figure 1). The low interest in hypomagnesemia may have stemmed 
from its relative lack of symptoms until plasma concentrations reach severely 
low levels, our poor understanding of magnesium metabolism until recent years, 
or both. Nonetheless, magnesium is involved in a wide spectrum of vital func- 
tions in human physiology. Magnesium is required for all enzymatic reactions 
requiring adenosine triphosphate (ATP), various reactions requiring kinases, 
neuromuscular excitability and cell permeability, regulation of ion channels and 
mitochondrial function, cellular proliferation and apoptosis, as well as immunity, 
among others. 1 " 3 
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Clinical manifestations 

Hypomagnesemia, while typically defined as having serum magnesium concentration 
below 0.66 mmol/L (1.6 mg/dL), with or without accompanying total body deple- 
tion, does not lead to clinically significant signs and symptoms until serum levels fall 
below 0.5 mmol/L (1.2 mg/dL). 3 Nonetheless, as magnesium is involved in an array 
of structural and physiological functions, adverse effects associated with hypomag- 
nesemia may occur in almost every organ system, whether they are clinically acute 
and overt, or chronic and subtle. 
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The mechanisms of many, if not most, clinical signs and 
symptoms of hypomagnesemia are likely multifactorial and 
beyond the scope of discussion in the current review. 

Magnesium metabolism 

Gastrointestinal absorption 

While the Institute of Medicine recommends a daily magnesium 
intake of 310-420 mg/day in adults, with the end of normal 
range for women and higher range for men, it has been esti- 
mated that 300-350 mg of magnesium is consumed daily in a 
typical American diet. 6 Twenty percent to 80% of dietary mag- 
nesium is absorbed in the intestines, where absorption depends 
on both intake and body magnesium status, and occurs via both 
passive and active pathways. 6-8 Passive Mg 2+ absorption occurs 
paracellularly and predominantly in the small intestines, a pro- 
cess driven by a favorable electrochemical gradient and solvent 
drag with dietary intake. At low dietary magnesium intake, Mg 2+ 
absorption relies heavily on active transcellular uptake via Mg 2+ - 
specific transporters in the large intestines. 7,9 Two Mg 2+ -specific 
channels identified over recent years include the transient 
receptor potential melastatin (TRPM) 6 and TRPM7. TRPM7 
is ubiquitously expressed among tissues, whereas TRPM6 is 
predominantly expressed along the full length of the intestine, 
the distal convoluted tubules (DCTs), the lungs, and the testis 
tissue. TRPM6 and TRPM7 can form heterodimers and may 
influence trafficking and activity of the TRPM6 Mg 2+ channel. 
However, the extent and significance of the interactions between 
TRPM6 and 7 remain to be fully elucidated. 8 Nonetheless, it 



Table I Magnesium functions and hypomagnesemia related clinical manifestations 



General functions 


Specific involvement 


Signs/symptoms and altered metabolisms 
associated with hypomagnesemia* 


Enzymatic activities: functioning 


Kinases, ATPases or GTPases, cyclases, 


Altered glucose metabolism, electrolyte imbalances 


as substrate or direct enzyme 


phosphofructokinase, creatine kinase, 


(hypokalemia, hypocalcemia), osteoporosis, enhanced 


activation 


5-phosphoribosyl-pyrophosphate synthetase, 


digoxin sensitivity, enhanced apoptosis, arrhythmias, 




adenylate cyclase, Na + -K + -ATPase 


atherosclerosis 


Membrane function 


Cell adhesion, transmembrane electrolyte flux 


Arrhythmias: atrial tachycardia and fibrillation, 
supraventricular and ventricular arrhythmias, Torsade de 
pointes, rhabdomyolysis, hemolysis, myocardial infarction 


Calcium antagonist 


Neuromuscular function 


Neuromuscular hyperexcitability: tremors, fasciculation, 
tetany, convulsions, neuropsychiatric changes, eg, apathy, 
depression, psychosis, vertigo, nystagmus, athetoid 
movements and choreiform movements, migraine, asthma 
(reactive airways), impaired exercise performance, 
electrolyte imbalances (hypokalemia, hypocalcemia), 
hypertension, atherosclerosis 


Structural function, ion 


Proteins, polyribosomes, nucleic acids, multiple 


Enhanced apoptosis, osteoporosis, kidney stones 


complex formation 


enzyme complexes, mitochondria, ion complexes 





Notes: Copyright © 2003. Australasian Association of Clinical Biochemists. Adapted from Swaminathan R. Magnesium metabolism and its disorders. Clin Biochem Rev. 
2003;24(2):47-66. 3 *Signs and symptoms are listed based on possible and/or presumed mechanisms of hypomagnesemia-induced defective structural or physiological 
functions. Many signs and symptoms are multifactorial, not fully understood, and beyond the scope of the current paper. 

Abbreviations: ATPase, adenosine triphosphatase; GTPase, guanosine triphosphatase: Na + -K + -ATPase, sodium-potassium adenosine triphosphatase. 
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Figure I Number of PubMed citations (November 20 1 3). 



Clinical manifestations of hypomagnesemia that 
promptly lead to medical attention involve neuromuscular 
hyperexcitability that may range from tremors, fascicula- 
tion, tetany, to convulsions, and neuropsychiatric distur- 
bances including apathy, delirium, and even coma. Other 
potentially life -threatening complications may arise not 
solely from hypomagnesemia, but also from the associated 
hypocalcemia and/or hypokalemia, and include atrial and 
ventricular arrhythmias, torsades de pointe, enhanced sen- 
sitivity to digoxin toxicity, and sudden death. In contrast, 
long-term adverse complications where the association 
with hypomagnesemia is not often recognized include 
altered glucose homeostasis, hypertension, atherosclerosis, 
osteoporosis, asthma, migraines, and other end-organ dam- 
age. Presumed mechanisms involved in various hypomag- 
nesemia-associated signs/symptoms are listed in Table 1 . 2 ~ 5 
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has been suggested that while TRPM6 plays an important role 
in epithelial Mg 2+ transport, TRPM7 is involved in cellular 
Mg 2+ homeostasis. 10 Loss-of-function mutations of TRPM6 
have been reported in patients with familial hypomagnesemia 
with secondary hypocalcemia. 11 

Magnesium exists as protein bound (20% to 30%), 
complexed with organic anions such as sulfates, phosphates, 
or bicarbonates and citrates (5% to 15%), or free ionized 
cations (55% to 70%), where the proportion of each form is 
dependent on plasma pH, ionic strength, and protein/organic 
anion contents. Intracellular magnesium concentration has 
been estimated to range from 5 to 20 mmol/L (12-A9 mg/dL), 
while extracellular magnesium concentration typically ranges 
from 0.70 to 1.05 mmol/L (1.7-2.6 mg/dL). 5 

Cellular shift 

Unlike potassium, regulation of Mg 2+ cellular uptake or 
release occurs slowly and likely does not occur in all cell 
types. Bone is the largest reservoir of magnesium but its role 
and regulation in maintaining plasma levels remain poorly 
understood. 12 

Kidney handling of magnesium 

The kidneys are thought to play a key role in regulating and 
maintaining magnesium balance. 

Approximately 70% to 80% of plasma magnesium in 
ionized or complexed forms is ultrafilterable in the kid- 
neys. Once filtered, 15% to 25% is reabsorbed passively 
with sodium and water in the proximal tubules. 13 Sixty-five 
percent to 75% of the filtered magnesium load is reabsorbed 
paracellularly in the thick ascending limb of the loop of 
Henle (TAL), a process facilitated by the tight junction 
protein claudin- 1 6, also known as paracellin- 1 . 14,15 Mutation 
of claudin- 16 is associated with severe hypomagnesemia 
with hypercalciuria and nephrolithiasis. 16 More recently, 



mutations encoding the tight junction protein claudin- 19 
have also been reported to cause the inherited human renal 
disorder, familial hypomagnesemia with hypercalciuria and 
nephrocalcinosis. 17 Although further studies are required, 
current evidence from both in vitro and in vivo studies 
suggests that claudin- 16 and claudin- 19 cogenerate a cation 
channel at the TAL tight junction necessary for normal Mg 2+ 
reabsorption at this nephron segment. 18 

Five percent to 1 0% of the filtered magnesium, or 70% to 
80% of magnesium delivered from the TAL, is reabsorbed at 
the DCT subsegment 1 , the final nephron segment where Mg 2+ 
can be reabsorbed, via an active and regulated transcellular 
pathway through the apical TRPM6 (Figure 2). 19 - 20 Although 
the percentage of filtered magnesium reabsorbed in the DCT 
is lower than that at more proximal segments, regulated reab- 
sorption at this segment is essential to magnesium balance 
because it determines the final urinary Mg 2+ loss. 21 

DCT magnesium reabsorption 

Apical factors 

In Gitelman syndrome, where there is a homozygous 
or compound heterozygous mutation or deletion in the 
SLC12A3 gene encoding the apical thiazide-sensitive 
NaCl cotransporter (NCC), significant hypomagnesemia 
occurs in association with hypokalemic metabolic alkalo- 
sis and hypocalciuria. 22 Although mechanistically unclear, 
Nijenhuis et al demonstrated reduced TRPM6 expression 
in mice chronically treated with thiazide, a Gitelman- 
equivalent condition. 23 Additionally, it has been suggested 
that the compensatory hyperaldosteronism associated with 
reduced NCC sodium reabsorption in Gitelman may lead 
to reduced TRPM6 activity, particularly in concert with 
low dietary magnesium intake. 24 It may also be speculated 
that reduced NCC sodium reabsorption could lead to sub- 
optimal basolateral (3)Na + -(2)K + -ATPase activity, hence 
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Figure 2 Kidney handling of magnesium. 

Abbreviations: CLD, claudin: TRPM6, transient receptor potential channel 6. 
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Figure 3 Magnesium reabsorption at the distal convoluted tubule. 



reduced generation of the favorable potential difference 
(ie, more negative intracellular voltage) to facilitate apical 
Mg 2+ reabsorption (Figure 3). Whatever the mechanism(s) 
is/are, normal NCC function is likely necessary for DCT 
Mg 2+ reabsorption. 

The apical voltage-gated potassium channel Kvl.l has 
also been implicated to play a role in normal DCT Mg 2+ 
reabsorption. A mutation involving substitution of asparagine 
for aspartic acid leading to nonfunctional Kvl.l channels 
in the DCT has been reported in a family with isolated 
autosomal-dominant hypomagnesemia paired with signs and 
symptoms of neuromuscular dysfunction including recurrent 
muscle cramps and weakness, tremors, tetany, cerebellar 
atrophy, and myokymia. 25 It was suggested that the loss of 
Kvl.l function reduces apical K + intraluminal secretion, 
hence the associated favorable intraluminal positive voltage 
to facilitate Mg 2+ reabsorption via TRPM6. 

Basolateral factors 

Renal magnesium handling at the DCT occurs via the apical 
TRPM6, whose shuttling from intracellular vesicles toward 
apical membranes requires binding of epidermal growth fac- 
tor (EGF) to its basolateral receptor. Mutations of the EGF 
gene have been shown to be the causative defect in reces- 
sive isolated renal hypomagnesemia, where apical TRPM6 
expression is reduced. 26 - 27 

It is speculated that following apical reabsorption, Mg 2+ 
binds to Mg 2+ -binding proteins for transport to the basolat- 
eral sides, where eventual reabsorption into the interstitium 
occurs via transporters such as Na + /Mg 2+ exchangers and/or 
Mg 2+ -ATPase. While basolateral transport of Mg 2+ has not 
been elucidated, mutations involving the y-subunit of the 
basolateral Na + -K + -ATPase or the regulatory protein of 



Na + -K + -ATPase, the hepatocyte nuclear factor 1 homeobox 
B (HNF1B), are associated with renal Mg 2+ wasting. 28-30 
Mutation in the FXYD2 gene encoding the y-subunit of 
Na + -K + -ATPase is thought to affect normal routing, hence 
activity of the transporter. Suboptimal Na + -K + -ATPase 
activity theoretically leads to depolarization of the DCT due 
to the 3Na + -to-2K + exchange ratio (ie, reduced intracellular 
negative voltage that normally favors reabsorption of the 
divalent cation Mg 2+ ) thus reduced Mg 2+ reabsorption via 
TRTM6. If basolateral Mg 2+ reabsorption significantly relies 
on Na7Mg 2+ exchangers, it may be also be deduced that 
reduced Na + -K + - ATPase activity, hence reduced basolateral 
Na + recycling, would also lead to reduced basolateral Mg 2+ 
reabsorption. Heterozygous mutations of the HNF1B gene, 
either whole-gene deletion or point mutations, are linked to 
a dominant renal cysts and diabetes syndrome, where up to 
50% of patients also present with renal magnesium wasting 
with hypocalciuria. 31 HNF1B is thought to play a regulatory 
role in the transcription of the FXYD2 gene, specifically at 
the promoter responsible for the transcription the ya-subunit 
of Na + -K + - ATPase. 30 

The basolateral, heteromeric, inwardly rectifying 
Kir4.1/Kir5.1 K + channel has also been found to affect 
Mg 2+ reabsorption, presumably via its K + recycling function 
necessary to maintain optimal Na + -K + -ATPase activity. 
Mutations involving the KCNJ10 gene encoding Kir4.1 
have been reported to cause a clinical constellation involving 
hypomagnesemia with associated SEizures, Sensorineural 
deafness, Ataxia, Mental retardation, and Electrolyte imbal- 
ance Epilepsy, Ataxia, Sensorineural deafness, and renal 
Tubulopathy, known as (SeSAME/EAST) syndrome. 32 33 It 
is possible that the associated suboptimal Na + -K + -ATPase 
function leads to reduced sodium reabsorption at the DCT 
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thiazide-sensitive sodium chloride channel, a defect observed 
with Gitelman syndrome. Accordingly, with the exception of 
hypocalcemia, a Gitelman-like clinical syndrome including 
sodium wasting, hypokalemia, hypomagnesemia, and meta- 
bolic alkalosis may be observed with Kir4. 1 loss-of- function 
mutation. Additionally, it has been reported that the Kir4. 1/ 
Kir5.1 K + channel is extremely sensitive to inhibition by 
intracellular pH, a characteristic thought to be conferred by 
the intact Kir5.1 subunit. 34 Interestingly, activation or gain- 
of-function mutation of the calcium-sensing receptor (CaSR) 
has been shown to reduce basolateral Kir4.1 expression, 
presumably via altered caveolin-mediated trafficking of the 
channel, with resultant reduction in Mg 2+ reabsorption and 
salt-wasting at the DCT. 35 

Finally, although mechanistically unclear, both deletion 
and missense mutations involving cyclin M2, a protein local- 
ized to the basolateral side in both the TAL and the DCT, have 
been identified in two unrelated families with unexplained 
dominant hypomagnesemia. 36 

Hormonal regulation 

Regulatory hormones reported to influence magnesium 
homeostasis via TRPM6 and TRPM7 protein expression 
and activity include angiotensin II, aldosterone, bradykinin, 
thrombin, estrogen, and insulin. Parathyroid hormone and 
1,25 vitamin D, however, do not appear to have any effect on 
TRPM6 expression. 8 37 " 41 Of interest, the inability of insulin 
activation of TRPM6 in two single nucleotide TRPM6 poly- 
morphisms, Ilel393Val and Lysl584Glu, has been linked to 
hypomagnesemia and presumed hypomagnesemia-induced 
glucose intolerance in women on low dietary magnesium 
intake. 37 Low dietary magnesium intake and estrogens have 
been shown to upregulate renal TRPM6 expression and 
reduce urinary magnesium excretion. 38 

Aldosterone has been reported to induce renal Mg 2+ 
wasting, an effect that may be ameliorated by aldosterone 
antagonists. 39,40 Additionally, the use of aldosterone antago- 
nists has also been shown to maintain plasma magnesium 
levels in patients receiving routine therapy for congestive 
heart failure, presumably via enhancing cellular Mg 2+ efflux, 
thus implicating a role for aldosterone in cellular Mg 2+ shift. 40 
Sontia et al have suggested that aldosterone may influence 
urinary Mg 2+ excretion through redistribution of Mg 2+ (Mg 2+ 
efflux) in muscle, bone, and the gastrointestinal tract via 
stimulation of the Na + /Mg 2+ exchanger and downregulation 
of renal TRPM7. 41 

Congenital conditions associated with hypomagnesemia 
are summarized in Table 2. 



Etiologies of acquired 
hypomagnesemia 

Similar to congenital conditions, acquired etiologies of 
hypomagnesemia may be categorized based on the presumed 
defects in the various steps of magnesium metabolism and 
are summarized in Table 3. 

Gastrointestinal causes 

Common conditions include severely low dietary Mg 2+ intake; 
prolonged nasogastric suction; and overall malabsorptive 
states including diarrhea, steatorrhea, celiac disease, regional 
enteritis, and short-gut syndrome. Gastrointestinal magne- 
sium loss due to malabsorptive states may be due to rapid 
intestinal transit, Mg 2+ binding to undigested free fatty acids, 
and/or reduction in both passive and active absorption. 42 ^ 14 Of 
interest, diarrhea has been attributed as an important cause 
of hypomagnesemia in patients with chronic alcoholism. In 
a study involving 127 patients with chronic alcoholism, 20 
out of 38 cases of hypomagnesemia were thought to be due 
to alcohol withdrawal syndrome and diarrhea. The remaining 
patients with hypomagnesemia had evidence of hypermag- 
nesiuria, thought to be associated with hypophosphatemia 
and/or metabolic acidosis. 45 

Cellular shift/tissue sequestration 

Acute pancreatitis is known to be associated with hypocalce- 
mia and hypomagnesemia, both presumably via saponifica- 
tion in necrotic fat. The accompanying hypocalcemia-induced 
hyperparathyroidism and resultant hypophosphatemia 
may also lead to concurrent renal Mg 2+ loss. 43 Post- 
parathyroidectomized patients are thought to develop 
hypomagnesemia predominantly due to increased bone 
formation and mineralization, and in some cases, concurrent 
hypermagnesiuria. 46 Conditions associated with increased 
anabolic states and cellular magnesium uptake leading to 
reduced plasma magnesium concentration include refeed- 
ing syndrome, excessive parenteral alimentation, advanced 
pregnancy, and lactation. 47-49 Hypomagnesemia associated 
with massive blood transfusions is not uncommon and 
presumed to be due to citrate toxicity, hemodilution, and/or 
associated comorbidities. 50 Cardiopulmonary bypass surger- 
ies without magnesium supplementation may be associated 
with hypomagnesemia, thought to be due to increased cellular 
uptake with the high catecholamine state and chelation by 
free fatty acids and/or citrate. 51 Hypomagnesemia associated 
with foscarnet has been proposed to occur via magnesium 
incorporation into bone matrix following complex formation 
with foscarnet. 52 
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Table 2 Congenital causes of Hypomagnesemia 



Sources of magnesium loss Sites of defect in magnesium metabolism Congenital 



Gastro-intestinal absorption 

Cellular shift; tissue sequestration 
Kidney handling 



Passive reabsorption 
Active reabsorption 



TRPM6 



Glomerular filtration 
Proximal tubular reabsorption 



Thick ascending limb 
of loop of Henle 



Claudin- 1 6 
Claudin-19 
NKCC2 
ROMK 



CIC-Kb 
CaSR 

Distal convoluted tubule: TRPM6 



Kvl.l 

Kir4.l/KirS.I 



NCCT 

Na + -K + -ATPase 



EGF 

CaSR 

CNNM2 



Insulin 



Other sources of loss 



Nonspecific tubular injury/ 
cellular leak 



Other 



Hypomagnesemia with secondary hypocalcemia 



Proximal renal tubular acidosis with or without associated 
Fanconi's syndrome 

Familial hypomagnesemia with hypercalciuria, 
and nephrocalcinosis 

Familial hypomagnesemia, with hypercalciuria, 

nephrocalcinosis, and ocular manifestation 

Antenatal Bartter syndrome type I with low-normal serum 

magnesium 

Antenatal Bartter syndrome type II with low-normal serum 
magnesium 

Classic Bartter syndrome type III, hypomagnesemia in 20% 
Bartter syndrome type V 
Hypomagnesemia, secondary hypocalcemia 

Apical regulators/effectors of TRPM6 
Isolated autosomal dominant hypomagnesemia 
Kir4. 1 mutation: SeSAME/EAST syndrome; KirS.I mutation: 
hypomagnesemia, hypokalemia, hyperchloremic metabolic 
acidosis and hypercalciuria 
Gitelman syndrome 

Basolateral regulators/effectors of TRPM6 
FXYD2: autosomal dominant hypomagnesemia with 
hypocalciuria; HNF/8: renal cysts and diabetes mellitus with 
renal magnesium wasting and hypocalciuria 
Isolated recessive hypomagnesemia with normocalciuria 
Activating mutations 
Autosomal dominant hypomagnesemia 

Hormonal regulators of TRPM6 
TRPM6 polymorphisms Me 1 393Val and LyslS84Glu: reduced 
insulin activation of TRPM6, particularly if low dietary 
magnesium intake; tendency for diabetes mellitus 



Abbreviations: NKCC2, sodium potassium 2 chloride cotransporter; ROMK, renal outer medullary potassium channel; CIC-Kb, chloride channel Kb; CaSR, calcium sensing 
receptor; Kvl.l, potassium voltage-gated channel subfamily A member I; Kir4. 1 /Kir5. 1 , inward-rectifier type potassium channel 4.1/5.1 dimer; NCCT, sodium chloride 
cotransporter; Na + -K + -ATPase, sodium-potassium adenosine triphosphatase; HNF/6, hepatocyte nuclear factor I homeobox B; EGF, epidermal growth factor; CNNM2, 
cyclin M2; TPRM 6, transient receptor potential melastatin 6; SeSAME/EAST syndrome, SEizures, Sensorineural deafness, Ataxia, Mental retardation, and Electrolyte imbal- 
ance Epilepsy, Ataxia, Sensorineural deafness, and renal Tubulopathy. 



Renal wasting 

Hyperfiltration 

Hyperfiltration associated with various conditions (including 
diabetes mellitus; post-obstructive, osmotic, or acute tubular 
necrosis diuresis; post-kidney transplantation; or excessive 
volume expansion) may lead to enhanced filterable magne- 
sium load thus overwhelming the kidneys' Mg 2+ reabsorp- 
tion capacity, and resultant hypermagnesiuria. Conditions 
favoring magnesium in its ionized form such as chronic 
metabolic acidosis or states with low organic anions may 
also contribute to a high filterable magnesium load and renal 
Mg 2+ wasting. 53 



Reduced proximal tubular reabsorption 

As Mg 2+ is reabsorbed passively at the proximal tubules, 
severe injury to this nephron segment in the presence of 
normal glomerular filtration can lead to hypermagnesiuria. 
Acquired Fanconi's syndrome and tubular toxicities 
induced by drugs such as cisplatin, aminoglycosides, and 
pentamidine, have all been reported to be associated with 
hypomagnesemia. Of note, pentamidine may also be associ- 
ated with acute pancreatitis, which could be contributory to 
hypomagnesemia. 54 Dietary salt loading has been shown in 
rats to increase distal tubular Mg 2+ delivery, presumably via 
reduced proximal passive reabsorption, and upregulation 
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Table 3 Acquired causes of Hypomagnesemia 



Sources of 
magnesium loss 



Sites of defect in magnesium metabolism 



Acquired 



Gastro-intestinal 
absorption 

Cellular shift; tissue 
sequestration 



Kidney handling 



Passive reabsorption 
Active reabsorption 



Glomerular filtration 

Proximal tubular reabsorption 
Thick ascending limb of loop of Henle 



Distal convoluted tubule: 



Other sources of loss Nonspecific tubular injury/cellular leak 



TRPM6 



Claudin- 1 6 

Claudin-19 

NKCC2 

ROMK 

CIC-Kb 

CaSR 

TRPM6 



Kvl.l 

Kir4.l/KirS.I 
NCCT 

Na+-K + -ATPase 



EGF 



CaSR 



CNNM2 



Insulin 



Other 



Low dietary Mg 2+ intake: prolonged nasogastric suction: diarrhea; 
enteric fistulas; steatorrhea; short-gut syndrome; alcoholism 
See DCT TRPM6 below 

Acute pancreatitis (magnesium and calcium saponification in 
necrotic fat); hungry bone syndrome; refeeding syndrome; 
foscarnet (magnesium incorporation into bone matrix 
following complex formation with foscarnet); massive blood 
transfusions; third trimester pregnancy; lactation; excessive 
parenteral alimentation; cardiopulmonary bypass 
Hyperfiltration (diabetes mellitus, post-obstructive or acute 
tubular necrosis diuresis, osmotic diuresis, post-kidney 
transplantation); extracellular volume expansion; increased 
filterable Mg (metabolic acidosis, low organic anions) 
Acquired Fanconi's syndrome, drug toxicity (cisplatin, 
gentamicin, pentamidine); high dietary salt intake 



Loop diuretics; hypokalemia 
Hypokalemia 

Increase in serum calcium and magnesium; aminoglycosides 
Calcineurin inhibitors (cyclosporine and tacrolimus shown to 
reduce renal TRPM6 expression); rapamycin (reduced TRPM6 
messenger (m)RNA stability); chronic metabolic acidosis 

Apical regulators/effectors of TRPM6 
Hypokalemia 

Thiazide diuretics; cyclosporine 

Basolateral regulators/effectors of TRPM6 
Hypophosphatemia; calcineurin inhibitors (cyclosporin 
shown to inhibit Na*-K*-ATPase); ethanol (inhibits Na + -K + - 
ATPase activity) 

Anti-EGF receptor antibodies (cetuximab, panitumumab); 
cisplatin (reduced EGF and TRPM6 mRNA); cyclosporine 
(reduce TRPM6, NCC, EGF mRNA) 
Increase in serum calcium and magnesium; aminoglycoside 
(gentamicin, amikacin); ?cinacalcet 

Hormonal regulators of TRPM6 
Diabetes mellitus? 
Amphotericin; pentamidine 
Severe burns (skin loss) 



Abbreviations: NKCC2, sodium potassium 2 chloride cotransporter; ROMK, renal outer medullary potassium channel; CIC-Kb, chloride channel Kb; CaSR, calcium sensing 
receptor; Kvl.l, potassium voltage-gated channel subfamily A member I; Kir4. 1/Kir5. 1 , inward-rectifier type potassium channel 4.1/5.1 dimer; NCCT, sodium chloride 
cotransporter; Na + -K + -ATPase, sodium-potassium adenosine triphosphatase; EGF, epidermal growth factor; CNNM2, cyclin M2; NCC, Thiazide-sensitive sodium chloride 
channel; TPRM6, transient receptor potential melastatin 6; DCT, distal convoluted tubule. 



of TRPM6 in the DCT, but overall increases urinary Mg 2+ 
excretion. 55 

Reduced TAL reabsorption 

Acquired causes of hypomagnesemia that target the TAL 
include loop diuretics, hypokalemia, hypercalcemia, and 
aminoglycosides. Effective reabsorption of Mg 2+ at this 
nephron segment relies on luminal K + recycling, which 



requires the functional Na + -K + -2Ck cotransporter (NKCC2) 
for cellular K + uptake, the renal outer medullary K + chan- 
nel (ROMK) for K + recycling back into the lumen, and the 
CaSR for regulation of the ROMK. Potassium recycling 
into the lumen via the ROMK creates a more positively 
charged lumen, which facilitates divalent cation (Ca 2+ , Mg 2+ ) 
reabsorption paracellularly. This process is facilitated by 
the tight junction proteins claudin- 16 and claudin-19. Any 
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transporter defect leading to suboptimal K + recycling or 
claudin-16/claudin-19 function may induce Ca 2+ and Mg 2+ 
wasting. While loop diuretics specifically block NKCC2, 
hypokalemia may cause both suboptimal NKCC2 functioning 
as well as K + recycling. Activation of the CaSR with Ca 2+ 
can inhibit ROMK, and hence cause ineffective K + tubular 
recycling. Reduction in K + recycling, hence favorable intralu- 
minal positive voltage necessary to facilitate Ca 2+ and Mg 2+ 
paracellular reabsorption, leads to wasting of both divalent 
cations. Aminoglycosides have been suggested to directly 
inhibit tubular Mg 2+ reabsorption via binding to and activation 
of the CaSR. Of interest, this class of antibiotics has been 
suggested to mimic type 5 Bartter syndrome where there is 
a gain-of-function mutation of the CaSR. 56-58 

Reduced DCT reabsorption 

Drugs known to be associated with hypomagnesemia and 
likely exert their magnesiuric effect at the DCTs include 
calcineurin inhibitors and rapamycin. Both cyclosporine and 
tacrolimus have been shown to reduce TRPM6 expression in 
the DCT in animal studies. 59 61 Additionally, cyclosporine has 
been shown to induce reduced messenger (m)RNA expression 
of NCC. 59 Whether the latter effect affects TRPM6 expression 
or plays a contributory role in magnesiuria is not known. 
Clinically, tacrolimus has been observed to induce more 
significant magnesiuria compared with cyclosporine. 62 

While rapamycin (sirolimus) has been reported to induce 
hypomagnesemia, the mechanism(s) whereby rapamycin 
causes magnesiuria is (are) not well defined. In an in vitro 
study using NRK-52E cells derived from normal rat renal 
tubules, Ikari et al revealed that sirolimus reduces mRNA 
expression TRPM6 at the DCT via inhibition of EGF-induced 
increase in TRPM6 expression, presumably by reducing 
the stability of TRPM6 mRNA. 63 In contrast, in a study 
using male Wistar rats treated with rapamycin, da Silva 
et al reported increased TRPM6 expression. 64 The magne- 
siuric effect of rapamycin in the latter study was thought to 
be due to the primary downregulation of NKCC2 protein 
expression leading to magnesiuria, followed by a secondary 
compensatory response with increased DCT TRPM6 protein 
expression. A direct rapamycin stimulatory effect on TRPM6 
expression, however, could not be ruled out. Interestingly, 
rosiglitazone was shown to ameliorate the rapamycin- 
associated electrolyte disturbances including hypokalemia 
and downregulation of NKCC2. 64 

Although both calcineurin and mammalian target of 
rapamycin (mTOR) inhibitors may induce renal Mg 2+ wast- 
ing, mTOR inhibitors may have lower magnesiuric effect 



compared with calcineurin inhibitors. In a retrospective 
review involving 138 renal transplant patients who were con- 
verted from calcineurin inhibitors to mTOR inhibitors over 
a 6-month period, magnesium levels significantly improved 
in association with reduced fractional excretion of Mg 2+ . 65 
In addition to drugs, acid-base status has also been shown 
to determine renal expression of TRPM6; whereas chronic 
metabolic acidosis reduces, chronic metabolic alkalosis 
enhances TRPM6 expression. 66 

To our knowledge, acquired causes of hypomagnesemia 
associated with inhibition of basolateral Kir4. 1/5. 1 have not 
been reported. Although there is evidence of direct inhibi- 
tion of basolateral Kir4. 1/5.1 and Kir4.1 channels in the 
cortical collecting duct by dopamine and antibody produc- 
tion against the potassium channel Kir4. 1 in patients with 
multiple sclerosis, hypomagnesemia is not associated with 
these conditions. 67 68 Similarly, there are no known reported 
cases of acquired hypomagnesemia due to direct inhibition 
ofKvl.l. 

As previously discussed, thiazide-, and to some extent, 
cyclosporine-induced hypomagnesemia may occur via 
downregulation of TRPM6 expression. Moreover, Loff- 
ing et al have shown that thiazide administration over 
three days in rats can provoke apoptosis of distal tubule 
cells and associated focal peritubular inflammation. 69 The 
direct effect of thiazides on the terminal nephron seg- 
ment for magnesium reabsorption may explain the severe 
hypomagnesemia associated with Gitelman and not nec- 
essarily Bartter syndrome. As observed in animal studies 
where high-salt treatment was associated with increased 
distal delivery of Mg 2+ and upregulation of TRPM6, the 
increased distal delivery of Mg 2+ in patients with various 
types of Bartter syndromes may similarly upregulate DCT 
TRPM6, and hence reduce net Mg 2+ wasting compared 
with Gitelman syndrome. 55 

Factors known to be associated with hypomagnesemia 
that could act via inhibition of the DCT basolateral 
Na + -K + -ATPase include hypophosphatemia, calcineurin 
inhibitors, and efhanol. 70 - 71 As phosphate is required for 
all ATP-requiring cellular activities, it is conceivable that 
hypophosphatemia can lead to suboptimal Na + -K + -ATPase 
activity and, if proven present and significant in the DCT, 
basolateral Mg 2+ -ATPase. 

While mutations involving EGF affect apical TRPM6 
expression hence magnesium reabsorption, the use of anti- 
EGF receptor antibodies, particularly cetuximab and panitu- 
mumab, has accordingly been reported to be associated with 
hypomagnesemia. Other commonly used drugs associated 



submit your manuscript | www.dovepress.com 
Dovepress 



International Journal of Nephrology and Renovascular Disease 2014:7 



Dovepress 



Magnesium: normal metabolism and diseased states 



with hypomagnesemia that have been shown to reduce EGF 
expression include cisplatin and cyclosporine. 59,72 ' 73 

Clinical conditions and drugs that could potentially 
be equivalent to CaSR gain-of-function mutations to 
induce hypomagnesemia include hypercalcemia and 
aminoglycosides. Both may stimulate the CaSR and in turn 
reduce ROMK activity, hence reduce the favorable potential 
difference necessary for optimal paracellular Mg 2+ reabsorp- 
tion at the TAL. Moreover, CaSR activation at the DCT is also 
thought to induce renal Mg 2+ wasting via inhibition of TRPM6 
expression. Nonetheless, common conditions associated with 
hypercalcemia including primary hyperparathyroidism and 
granulomatous disease, however, have not been reported to 
be associated with significant hypomagnesemia. In contrast, 
aminoglycosides including amikacin and gentamicin are well 
known to induce hypomagnesemia, hypothesized to occur 
via binding to and activation of the CaSR. 74,75 Whether the 
CaSR agonist cinacalcet can induce hypomagnesemia is 
not known. Incidentally, our research into this question led 
to the review of a case series with reported pre- and post- 
cinacalcet treatment serum magnesium levels in four patients 
with familial hypocalciuric hypercalcemia. Notably, all four 
patients' serum magnesium levels were lower at follow-up 
than at baseline. The serum magnesium levels before and at 
follow-up were 1.01+0.07 mmol/L and 0.95+0.01 mmol/L, 
respectively, P=0. 1 1 . Whether this observation is fortuitous, 
further investigation is warranted. 76 

Diabetes mellitus is well known to be associated with 
hypomagnesemia, likely via a plethora of mechanisms. 53 
Most recently, given reports of reduced insulin activation 
of TRPM6 in patients with TRPM6 polymorphisms, it may 
be speculated that the lack of insulin in the diabetic state 
may reduce TRPM6 activity and could thus contribute to 
hypomagnesemia. 77 

Other drugs associated with hypomagnesemia include 
amphotericin and pentamidine. The former is thought to self- 
insert into renal tubular membranes and act as an ionophore 
for urinary magnesium leak, whereas the latter is thought 
to induce hypomagnesemia via nonspecific, yet to be deter- 
mined kidney injury. 54,78 

Finally, hypomagnesemia has been reported in severe 
burn patients. The involved mechanisms are likely multifacto- 
rial and may involve the need for aminoglycoside administra- 
tion, or associated hypokalemia, among others. 79 

Diagnosis of hypomagnesemia 

The clinical evaluation for the underlying cause of hypomag- 
nesemia requires a thorough investigation for the presence 



of diabetes mellitus, alcoholism, gastrointestinal conditions 
involving poor absorption and/or poor nutritional intake, or a 
family history of hypomagnesemia without or without other 
electrolyte abnormalities, and a complete list of medications 
used. The suspected underlying etiology may be confirmed 
with urinary studies based on its mechanism via renal wasting 
or extrarenal cause. Patients with hypomagnesemia due to 
renal Mg 2+ wasting have been suggested to present with a 
fractional excretion of Mg 2+ greater than 4%, whereas those 
with extrarenal causes present with a much lower percent- 
age, typically 2% or less. The fractional excretion of Mg 2+ 
is defined as: 

(Urine magnesium concentration 

x Serum creatinine concentration) 

xlOO, 

(0.7 x Serum magnesium concentration 

x Urine creatinine concentration) 

where the 0.7 factor indicates that in most circumstances, 
only 70% of serum magnesium is filterable. 80 

Management of hypomagnesemia: 
authors' opinion 

Magnesium metabolism and kidney handling of magnesium 
have been significantly elucidated over the last decade. 
A correlation between clinical conditions and specific 
mechanisms leading to hypomagnesemia will no doubt 
lead to better prevention and mechanism-specific therapy. 
Although mild-to-moderate hypomagnesemia is typically 
asymptomatic, long-term deficiencies have been reported 
to be associated with a spectrum of adverse micro- and 
macrovascular outcomes including increased risk of dia- 
betes mellitus, various diabetic complications, arrhythmias 
particularly in association with congestive heart failure, 
hypertension, and more rapid progression of kidney disease, 
among others. Therefore, if safely tolerated patients should 
receive therapy to correct the hypomagnesemic state. 2 ~ 5 - 81,82 
Currently, however, the management of hypomagnesemia 
still relies on relatively nonspecific management including 
avoidance or discontinuation of responsible agents if pos- 
sible, corrections of underlying metabolic derangements, 
and/or magnesium supplementation. 

Minimization of renal Mg 2+ wasting 

Routine corrections of the hyperfiltrative state, chronic metabolic 
acidosis, and low organic anion state (eg, hypophosphatemia and 
hypoprotemerma/hypoalbuminemia) should be done whenever 
applicable to minimize filtration of large amounts of free ion- 
ized Mg 2+ . Consultation with a dietitian may be necessary to 
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Table 4 Selected food sources of magnesium 



Food 


mg per 


Percent 




serving 


daily value 


Almonds, dry roasted, 1 ounce 


80 


20 


Spinach, boiled, I/2 cup 


78 


20 


Cashews, dry roasted, 1 ounce 


74 


19 


Peanuts, oil roasted, 'A cup 


63 


16 


Cereal, shredded wheat, 2 large biscuits 


61 


15 


Soymilk, plain or vanilla, 1 cup 


61 


15 


Black beans, cooked, Vi cup 


60 


15 


Edamame, shelled, cooked, Vi cup 


50 


13 


Peanut butter, smooth, 2 tablespoons 


49 


12 


Bread, whole wheat, 2 slices 


46 


12 


Avocado, cubed, 1 cup 


44 


15 


Potato, baked with skin, 3.5 ounces 


43 


1 1 


Rice, brown, cooked, Vi cup 


42 


1 1 


Yogurt, plain, low fat, 8 ounces 


42 


1 1 


Breakfast cereals, fortified with magnesium 


40 


10 



Note: Adapted from US Department of Health and Human Services. National 
institutes of Health. Magnesium fact sheet for health professionals. Available from ods. 
od.nih.gov/factsheets/Magnesium-Hea[thProfessional/#h3 . 83 



increase dietary magnesium intake as well as protein supple- 
mentation in malnourished patients. Reduction of glomerular 
hyperfiltration may be achieved with the addition of any renin- 
angiotensin inhibitors. The use of an aldosterone antagonist 
may be considered if safely tolerated. Diarrheal states should be 
evaluated by a gastrointestinal specialist and promptly treated. 

Dietary intake of foods containing high levels of magnesium 
should be encouraged. In general, grains, and beans are good 
sources of magnesium. Selected food sources of magnesium 
may be found at ods.od.nih.gov/factsheets/Magnesium- 
HealthProfessional/#h3 , 83 A few food sources containing at 
least 10% of the daily value of recommended total daily dietary 

Table 5 Common oral magnesium formulations 



Common 
formulations 



Trade names 



Elemental 
magnesium 
content (mg) 



Magnesium oxide 

Magnesium 
gluconate 

Magnesium chloride 

Magnesium oxide 
with soy protein 
Magnesium L-lactate 
di hydrate 

Magnesium-L-aspartate 
hydrochloride 



Mag-Ox 400 tablets (400 mg) 24 1 

Uro-Mag capsules ( 1 40 mg) 84 

Magnesium gluconate tablets 27 
(500 mg) 

Slow-Mag tablets (535 mg 64 

plus 2 1 2 mg calcium) 

Mg Pro Plus tablets (133 mg 133 

plus 26 mg soy protein) 

Mag Tab SR tablets (84 mg) 84 

Maginex tablets (6 1 5 mg) 6 1 



Notes: Mag-Ox 400, Uro-Mag, Blaine Pharmaceuticals, Santa Fe Springs, CA, USA; 
Magnesium gluconate 500 mg, eg, Mag-G, Pernix Therapeutics, Houston, TX, USA; 
Slow-Mag, Purdue Pharma LP, Stamford, CT, USA; Mg Plus Protein, Miller Pharmacal 
Group, Inc., Carol Stream, IL, CA, USA; Mag Tab SR, Niche Pharmaceuticals, Southlake, 
TX, USA; Maginex 615 mg, Health Care Prod/Hi-Tech, Amityville, NY, USA. 
Abbreviation: SR, slow release. 



magnesium (400 mg for adults and children aged 4 and older) as 
developed by the US Food and Drug Administration are listed 
in Table 4. If all measures fail to achieve "normal" range or 
serum magnesium concentration >0.66 mmol/L ( 1 .6 mg/dL), 
magnesium supplement should be added. Various magnesium 
formulations are available on the market and are listed in 
Table 5. In the authors' experience, Mg Plus Protein (Miller 
Pharmacal Group, Inc., Carol Stream, IL, USA) appears to be 
best tolerated by patients in terms of magnesium supplement- 
induced diarrhea. 

In conclusion, recent research has contributed a great deal 
to our understanding of various congenital and acquired hypo- 
magnesemic states. Although no specific targeted therapy is 
currently available, routine corrections of underlying etiolo- 
gies and electrolyte and metabolic derangements, increase in 
dietary magnesium intake, and/or magnesium supplementa- 
tion are recommended, as chronic hypomagnesemic state 
has been reported to be associated with various micro- and 
macrovascular complications. 
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